We prepared the melt-spun (Ni 0:6 Nb 0:4 ) 100Àx Zr x (x ¼ 0 to 40 at%) and other amorphous alloy membranes and examined the permeation of hydrogen through those alloy membranes. The interatomic spacing in the Ni-Nb-Zr amorphous structure increased with increasing Zr content. The crystallization temperature of the Ni-Nb-Zr amorphous alloys decreased with increasing Zr content. The hydrogen flow increased with an increase of the temperature or the difference in the square-roots of hydrogen pressures across the membrane, Á ffiffiffi p p . At relatively higher temperature up to 673 K or at relatively higher hydrogen pressure difference, Á ffiffiffi p p up to 550 Pa 1=2 , the hydrogen flow was more strictly proportional to Á ffiffiffi p p . This indicates that the diffusion of hydrogen through the membrane is a rate-controlling factor for hydrogen permeation.
Introduction
Recently, the conversion of the fossil-fuel consuming society to the hydrogen powered society is strongly required all over the world in the viewpoint of the suppression of global warming. A great number of researchers and engineers have been working for the development of many types of high-performance fuel cells in the world. [1] [2] [3] [4] [5] In order to use fuel cells practically in our everyday life in future, much more improvement of the total performance of fuel cells such as high power, long lifetime and low running cost is required. Furthermore, a stable hydrogen supply will also be an essential factor to use fuel cells in our life. There are many production techniques of pure hydrogen. [6] [7] [8] [9] [10] [11] [12] [13] For instance, we can obtain pure hydrogen gas by using the fossil-fuel reforming [6] [7] [8] or the water electrolysis. [9] [10] [11] In case of using the fossil-fuel reforming when producing gaseous hydrogen, purification of hydrogen by the hydrogen permeable membrane in the final process of hydrogen production will be required because hydrogen gas produced by the reforming reaction includes a large amount of byproduct gases such as CO as contamination that cause significant degradation of the fuel cells.
14)
The mechanism of purification of hydrogen gas by using a hydrogen permeable membrane is very simple, cost-saving and suitable for continuous production. 15) Therefore, if the membrane process is widely used for producing high-purity hydrogen, mass-production of pure hydrogen at relatively low cost will become available in future.
Nowadays, there are three types of hydrogen permeable membranes. They are a polymer membrane, 16) a porous ceramics membrane 17) and a metallic membrane. 18) In particular, a metallic membrane is the most preferable one among these types of membranes because of its excellent hydrogen selectivity and high thermal stability. In fact, the Pd-Ag alloy membranes have been practically used for hydrogen purification for decades especially in the field of semiconductor industries and nuclear fusion engineering. 19, 20) However, since the Pd metal is extremely expensive, it is very important to search for a new alloy which can replace the Pd-Ag alloys as hydrogen permeable membrane materials. The new alloy must be non-Pd-based alloys with the minimum Pd addition. As for the non-Pd-based membrane alloys, it was reported that the V-Ni alloys 21) possessed excellent hydrogen permeability which is nearly the same as that of the Pd-Ag alloys, though hydrogen embrittlement of the alloy is significant. The requirements which the hydrogen permeable membranes have to satisfy are not only high hydrogen permeability (high hydrogen solubility and high hydrogen diffusivity) but also excellent immunity from hydrogen embrittlement. 21) Hydrogen embrittlement is known to be one of the most important subjects of iron and steel industries for a long time. 22) Therefore, hydrogen permeable metallic membranes also cannot escape hydrogen embrittlement.
Amorphous alloys are known to possess higher mechanical strength 23) than crystalline ones and relatively strong immunity from hydrogen embrittlement due to high hydrogen solubility. 24) In order to employ these characteristic properties of amorphous alloys in the development of new hydrogen permeable membranes, [25] [26] [27] [28] Sakaguchi et al. and Adachi et al. studied hydrogen permeability and hydrogen embrittlement of amorphous thin films of LaNi 5 hydrogen storage alloy. 29, 30) Moreover, Hara et al. studied hydrogen permeability and embrittlement of melt-spun amorphous Ni-Zr and Ni-M-Zr (M = Ti and Hf) alloys and reported that these alloys had enough mechanical strength without suffering from embrittlement although those hydrogen permeability was much lower than that of the Pd-Ag alloys. 31, 32) We have tried to develop a practical membrane with high hydrogen permeability without hydrogen-induced embrittlement by employing Ni-based amorphous alloy as a membrane material on the basis of some previous data that the amorphous Ni-Zr alloys exhibit useful properties such as high efficient catalytic characteristics for carbon monoxide, 33) hydrogenation of benzene 34) and hydrogen permeation. 31) Furthermore, it is expected that the Nb addition improves the performance of amorphous membrane because the permeability of Nb metal is higher than that of the Pd-Ag alloys. The bulk glassy alloys have been found in Mg- 35) and Lanthanide (Ln)- 36) systems in 1988 and 1989, respectively, and then widely extended to even Ni-based alloys. 37, 38) Recently, Inoue et al. have found that Ni-based bulk glassy alloys with a large supercooled liquid region before crystallization are formed in Ni-Nb-Ti-Zr system. 39) Subsequently, Kimura et al. have studied the glass-forming ability of NiNb-Zr system and reported that glassy or amorphous Ni-NbZr alloys could be produced in a wide composition range by melt-spinning. 40) The objective of this work is to produce amorphous Ni-based alloys (especially Ni-Nb-Zr alloys) by the melt-spinning technique and to examine the hydrogen permeability of the alloys. The amorphicity of melt-spun ribbon specimens was investigated by X-ray diffractometry (CuK, 40 kV, 30 mA, hereafter denoted as XRD). Thermal stability of meltspun ribbon specimens was examined by differential scanning calorimetry (DSC) at a heating rate of 0.67 K s À1 in an Ar atmosphere. Pd thin film was deposited on both sides of specimens by the sputtering technique as an active catalyst for hydrogen dissociation and recombination during permeation. Hydrogen permeation measurements were performed with a conventional gas-permeation technique in the temperature range of 573 to 673 K at the hydrogen pressure up to 0.7 MPa. Sample membranes were mounted in the gaspermeation cell. The diameter of the permeation area was 10 mm. Pure hydrogen gas was introduced to one side of a membrane and then the flow rate of effluent hydrogen gas from the other side (permeate side) was measured by the mass flow meter. . This indicates that all alloys possess a single amorphous phase. Besides, a halo peak shifts to lower angles with increasing Zr content, indicating that the interatomic spacing in the amorphous structure increases by the addition of Zr. All other alloys prepared in this study were also confirmed to have a single amorphous phase. tively, and decrease with increasing Zr content. The maximum temperature at which hydrogen permeation was measured in this work was 673 K which was lower by more than 100 K than the crystallization temperature. Kimura et al. studied the amorphous formability of the Ni-Nb-Zr ternary alloys and reported that the Ni 60 Nb 20 Zr 20 glassy alloy possessed a large supercooled liquid region, ÁT x (¼ T x À T g , T x : crystallization temperature, T g : glass transition temperature) of 51 K. 40) However, the amorphous alloys prepared in this work possess much narrower or no supercooled liquid region as shown in Fig. 2 . It is an interesting subject to study the relationship between the hydrogen permeation and the compositional range with a wide supercooled liquid region in the Ni-Nb-Zr ternary system. However, the compositional range of the Ni-Nb-Zr alloys possessing a wide supercooled liquid region is limited within 10 < Nb < 30, 10 < Zr < 40 and 50 < Ni < 70 at%. In this work, we prepared the Ni-Nb-Zr alloys with higher concentrations of Nb and Zr elements because of their strong affinity with hydrogen.
Experimental

Results and Discussion
In general, the permeation of hydrogen through a membrane is thought to occur through the following three steps; 1) the dissociation of hydrogen gaseous molecules into hydrogen atoms on the surface of the upper side of the membrane, 2) the diffusion of hydrogen atoms through the membrane, and 3) the recombination of hydrogen atoms on the surface of the permeate side of the membrane. When the hydrogen behavior is interpreted on the basis of the above mentioned mechanism, the hydrogen permeation rate F (molÁm À2 Ás À1 ) can be estimated by the following equation;
where P is the hydrogen permeability (molÁm À1 Ás À1 ÁPa À1=2 ) and d is the membrane thickness (m). And p 1 and p 2 are the hydrogen pressures of the upper side and of the permeate side of the membrane (Pa), respectively. In case that measured hydrogen permeation rate is proportional to Á ffiffiffi p p , the hydrogen diffusion is regarded as the rate-controlling factor for hydrogen permeation of the membrane. 3(a), although the hydrogen permeation rate is almost proportional to Á ffiffiffi p p , the plot does not cross the origin of the coordinate axes. This is probably because the hydrogen flow through Ni 60 Nb 40 is too small to measure accurately by a mass flow meter used in this work. On the contrary, as the amount of permeated hydrogen increases with increasing Á ffiffiffi p p , the proportionality of the hydrogen flow as a function of Á ffiffiffi p p increases as shown in Figs. 3(b) and (c). However, as shown in Fig. 3(c) , the hydrogen flow is not always proportional to Á ffiffiffi p p at relatively low pressure difference. This is presumably because the hydrogen pressure is not high enough to activate the dissociation of hydrogen gas to hydrogen atoms on the upper side of the membrane even for the (Ni 0:6 Nb 0:4 ) 70 Zr 30 alloy and the rate-controlling factor of hydrogen permeation in such a low pressure region may be surface reactions rather than diffusion inside the alloy. Fig. 3(c) . However, the hydrogen flow at relatively smaller pressure difference is smaller than that estimated from the abovedescribed equation presumably because of the low activity to the dissociation of hydrogen gas to hydrogen atoms on the upper side of the membrane as mentioned above. Moreover, since the membranes of the amorphous (Ni 0:6 Nb 0:4 ) 60 Zr 40 alloy became brittle during the test, it was difficult to measure the hydrogen permeation of these alloy membranes by the sample holder used in this work. Figure 4 shows the Arrhenius plots of the hydrogen permeability of all alloys prepared in this work. Plots of Pd-23 mass%Ag and Pd metal are included in the figure. The permeation data of the Pd-23 mass%Ag was also measured in this work and that of the Pd metal was referred to the previous report.
41 ) The maximum hydrogen permeability is 1: Fig. 4 . It is shown that the permeability of the (Ni 0:6 Nb 0:4 ) 100Àx Zr x (x ¼ 0, 20 and 30 at%) alloys increases with increasing Zr content and there is a tendency for permeability to increase with increasing temperature. As seen in Fig. 1 showing the XRD patterns of the melt-spun (Ni 0:6 Nb 0:4 ) 100Àx Zr x (x ¼ 0, 20, 30 and 40 at%) alloys, a halo peak shifts to a lower angle side with increasing Zr content. Figure 5 indicates the hydrogen permeability and the wave vector, K p ¼ 4 sin as a function of Zr content of the alloys. It is shown that the permeability increases with decreasing the wave vector K p value. The change in the K p value indicates that the nearest neighbor distance of the atoms in the amorphous structure increases by Zr addition. It can be said that the amorphous alloy having a larger atomic spacing possesses higher hydrogen permeability in this alloy system. However, there is an optimum Zr content in this alloy system because the Zr addition decreases the thermal stability of their alloys as shown in Fig. 2 and may embrittle those alloys during hydrogen permeation because of a large amount of hydrogen absorption.
We tentatively calculate the activation energy for hydro-gen permeation of the alloys used in the present work. The activation energy, Q (kJÁmol À1 ) and the pre-exponential factor, q 0 (molÁm À1 Ás À1 ÁPa À1=2 ) are summarized in Table 1 . The activation energy for hydrogen permeation of the (Ni 0:6 Nb 0:4 ) 70 Zr 30 amorphous alloy is mostly comparable to that of the Pd metal. And the pre-exponential factor, q 0 of the (Ni 0:6 Nb 0:4 ) 70 Zr 30 amorphous alloy is much larger than that of the Pd metal. Therefore, it is understandable that the hydrogen permeation of the (Ni 0:6 Nb 0:4 ) 70 Zr 30 amorphous alloy is slightly larger than that of the Pd metal. The Pd-23 mass%Ag alloy possesses tremendously small activation energy due to small temperature-dependence of the hydrogen permeation.
Figures 6(a) and (b) indicate the XRD pattern and the DSC curve of the (Ni 0:6 Nb 0:4 ) 70 Zr 30 membrane obtained after the hydrogen permeation test. In this permeation test, it took about 2.5 h to heat the specimen up to 673 K and about 1 h to measure the permeability. It is clearly shown in Fig. 6(a) that the membrane specimen can possess a single amorphous phase without any sharp peaks except one peak which comes from Pd surface film even after the permeation test at high temperature and high hydrogen pressure. As shown in Fig.  6(b) , two exothermic peaks appear at about 833 K and at about 868 K, respectively. In general, an exothermic crystallization peak of hydrogen absorbed amorphous alloy moves to lower temperature side because the amorphous alloy becomes thermally unstable by hydrogenation. However, peak position of the two peaks does not change comparing DSC curves obtained from the specimens before and after permeation test (for comparison, see Fig. 2 ). This result suggests that the specimen after permeation test does not contain hydrogen so much. Moreover, the specimen after the permeation test exhibits a wide endothermic region with two broad endothermic peaks presumably due to hydrogen desorption in the lower temperature range from 573 to 773 K. The origin of this endothermic behavior is not clear at the present time. In this work, the permeation tests were performed at up to 643 K. Since the temperature at which the permeation tests were performed is in the endothermic region, hydrogen atoms may permeate this amorphous alloy membrane without significant hydrogen absorption by the membrane. As mentioned above, the amorphous (Ni 0:6 Nb 0:4 ) 60 Zr 40 alloy became brittle during the test. However, such embrittlement may not come from hydrogen-induced embrittlement. If so, why were the amorphous membranes embrittled during the permeation test? The reason is not clear. But one of the present authors (S.Y.) think tentatively that a severe deformation of the membrane especially at around a metal gasket at high temperature and high hydrogen pressure may be harmful because it was reported that the mechanical strength of the Ni-Nb-Zr amorphous alloys decreases with Zr addition and think that this problem may be solved by optimization of the design of a sample holder.
From these results, it is concluded that the hydrogen permeability of the amorphous Ni-Nb-Zr alloy is sensitive to alloy composition. It is important to investigate an optimum composition in order to improve the hydrogen permeability of the Ni-Nb-Zr alloys. The (Ni 0:6 Nb 0:4 ) 70 Zr 30 amorphous alloy shows the highest hydrogen permeability of 1:3 Â 10
À8
(molÁm À1 Ás À1 ÁPa À1=2 ) at 673 K among the alloys studied in this work. The permeability of the alloy is larger than that of pure Pd metal. These results indicate the possibility for future practical use of the amorphous Ni-Nb-Zr alloys having high hydrogen permeability.
Conclusions
Hydrogen permeation was examined for the melt-spun amorphous Ni-Nb-Zr alloys. The results obtained are summarized as follows;
(1) The halo peak of the (Ni 0:6 Nb 0:4 ) 100Àx Zr x amorphous alloys shifts to a lower angle side with increasing Zr content. The interatomic spacing in their amorphous structure increases with Zr addition. The crystallization temperature of the (Ni 0:6 Nb 0:4 ) 100Àx Zr x amorphous alloys decreases with increasing Zr content, showing that the amorphous structure becomes thermally unstable by the Zr addition. 11.7 7:6 Â 10
